We present distribution maps for all cryptotephras (distal volcanic ash layers) younger than 7 ka that 16 have been reported from three or more lakes or peatlands in north-west Europe. All but one of the 17 tephras originates from Iceland; the exception has been attributed to Jan Mayen. We find strong 18 spatial patterning in tephra occurrence at the landscape scale; most, but not all of the tephra 19 occurrences are significantly spatially clustered, which likely reflects atmospheric and weather 20 patterns at the time of the eruptions. Contrary to expectations based on atmospheric modelling studies, 21 tephras appear to be at least as abundant in Ireland and northern Scotland as in Scandinavia. Rhyolitic 22 and other felsic tephras occur in lakes and peatlands throughout the study region, but andesitic and 23 basaltic tephras are largely restricted to lake sites in the Faroe Islands and Ireland. Explanations of 24 some of these patterns will require further research on the effects of different methodologies for 25 locating and characterizing cryptotephras. These new maps will help to guide future investigations in 26 tephrochronology and volcanic hazard analysis. 27
Introduction 31
The use of Icelandic tephras as a dating tool for lake sediments and peats in north-west Europe has 32 become well established over the last two decades, following the pioneering work of Dugmore and 33 colleagues (Dugmore, 1989 ; Dugmore and Newton, 1992; Dugmore et al., 1992 Dugmore et al., , 1995 and Hall et al. 34 (1993) among others (see Swindles et al., 2010 and Lowe, 2011 for recent reviews of the method). 35
The eruption of the Icelandic volcanoes Eyjafjallajökull in 2010 and Grimsvötn in 2011, which led to 36 high concentrations of ash in the airspace over the eastern North Atlantic and much of Europe for 37 several days on each occasion and which substantially disrupted air transport and the global economy 38 (Birtchnell and Büscher, 2010) , have prompted a re-evaluation of the scientific value of geological 39 records of past eruptions (Davies et al., 2010) . 40 Swindles et al. (2011) compiled all existing published and some unpublished reports of tephra in lake 41 sediments and peats from north-west Europe to examine the temporal distribution of ash fall events 42 during the mid-to late Holocene. They showed that, in any given decade within the last millennium, 43 the probability of an ash fall event large enough to leave a detectable deposit was approximately 0.16. 44
The analysis was limited to the last 7000 calendar years because (i) there have been relatively few 45 finds of older Holocene tephras in European lakes and peatlands, and (ii) there is evidence that 46
Icelandic volcanoes were atypically active in the early Holocene, due to unloading of the mantle as 47 the Icelandic ice cap retreated (Jull and McKenzie, 1996 ; Pagli and Sigmundsson, 2009 ). Our analysis 48 also excluded the very limited number of marine records as they are taphonomically very distinct 49 from terrestrial records. 50
The present article extends the analysis of the same dataset to explore the spatial patterning of ash-fall 51 events across north-west Europe. We present new maps for all 22 tephras that occur at three or more 52 sites and discuss the distribution patterns that they show, adopting a robust methodology for 53 interpreting absence of evidence. We discuss how these patterns can inform our understanding of the 54 atmospheric transport of volcanic ash. We also critically review the quality of the present dataset and 55 make recommendations for future analyses of distal tephras. 56 and each point where the tephra was "absent" was also calculated. This frequency distribution was 110 found as before and the sum of the two frequency distributions was plotted as the dashed black line in 111 greater than the actual sum of squares is reported in Table 1 for tephras where there were a reasonably 120 large number (five) of marks of both types. Statistical analysis was undertaken using R 2.11.1. 121
Results 122
The tephra distribution maps are shown in Figure 1 Isles, particularly to Ireland. There are three tephras (Glen Garry, Microlite, Lairg B) which do not fall 136 into any of these groups; the most striking of these distribution patterns is that of the Glen Garry 137 tephra, found very commonly at sites in Great Britain and Germany, but not in Ireland, the Faroes or 138
Scandinavia. 139
On a finer spatial scale the distribution pattern of individual tephras can vary substantially. For 140 example, although Hekla 1510 is found at several sites (all in Ireland), there are several sites within 141 the current mapped limits of its distributions from which it is apparently absent. Hekla 3 has a much 142 wider distribution, occurring at sites across north-west Europe, from Ireland to Sweden and Germany, 143 yet it is also absent from many sites within that range. Conversely, some ash layers, such as the Glen 144 Garry tephra, have been found at every suitable site within the mapped limits of their distributions. 145 Figure 2a shows the spatial distribution of the number of tephras deposited within the last 7000 146 calendar years at each site (only including those tephras mapped here). There is strong variation in 147 this number -the range is from one to 11 -but there is no clear spatial pattern in this variation (Figure  148 3). A handful of sites contain large numbers of tephra layers which are not known elsewhere ( 
Discussion 163

Spatial patterning of tephra occurrences 164
Our mapping exercise suggests that past ash plumes have shown a wide range of behaviour. They can 165 be dense and widespread (e.g. Hekla 4); spatially patchy but widespread (e.g. Hekla 3); restricted to 166 one region but found at practically all sites within its bounds (e.g. Glen Garry); or restricted to one 167 region and patchily distributed within it (e.g. Hekla 1510). showing that occurrences of the Askja 1875 ash are strongly more clustered at scales of < 1000 km 170 than we would expect if the occurrences were distributed among the sites at random, as the black line 171 (frequency of distances between sites where the tephra is present) is usually above the shaded area 172
(the envelope of 95% of simulations of random distribution) for distances < 1000 km. Conversely, 173 distances between sites where the tephra is present are less frequent than we would expect at scales > 174 1200 km. For most tephras where the frequency of distances is greater than the upper limit of the 175 shaded area, this occurs at distances < 500 km, which reflects the fact that most of the clusters visible 176
in Figure 1 are smaller than 500 km in extent. (Peaks in a few cases at ~1100 km are due to the large 177 number of tephras found at German sites; this is probably a reflection of the small sample size and the 178 large separation of the German sites from other sites, and perhaps an indication that these particular 179 sites were investigated with exceptional thoroughness.) As a result of this local clustering, most of the 180 tephras plotted in Figure 4 showed significant departures from a random distribution (p-values are 181 listed in Table 1 Ireland; it may yet be found at more distal sites. 201
Variation in the number of tephras recorded at each site 202
The distribution of the number of tephras at each site (Figure 2a Europe following a typical eruption of Hekla. They found that the most heavily-affected region by far 219 would be Scandinavia. Although at least some tephra deposition was probable (typically with a 220 We tested for a difference in the number of tephras recorded in lakes and peatlands. The result 231 (Wilcoxon test, p=0.637) suggests there is no significant difference, although the number of lakes in 232 the database is small (13 out of 99 sites in our dataset). 233
Differences in distribution according to tephra chemistry 234
There is a clear tendency for more mafic tephras to occur towards the north-western margins of our 235 study area. However, basaltic tephras have so far been reported only from studies of lake sediments. 236
Many workers use density concentration techniques (e.g. Turney, 1998 ) that, by design, concentrate 237 rhyolitic tephras preferentially, and which may result in basaltic tephras being missed, but most peat 238 sequences have been analysed using alternative approaches (ashing or chemical digestion) that would 239 be expected to preserve basaltic tephra if it were present. This suggests that the relative scarcity of 240 basaltic tephras in Holocene sequences in Europe is possibly related to differential preservation rather 241 than to analytical biases or transport processes alone (contra Dugmore et al. hydrated to various weathering products in soils and sediments, although the rate at which it does so 244 varies depending on the depositional environment (Schiffman et al., 2000) . Other factors, such as 245 eruption style, may also be involved. Basaltic eruptions can be explosive but they are more likely to 246 be effusive than Plinian and thus less likely to inject material high into the atmosphere, which would 247 limit their potential to disperse ash. Furthermore, basaltic eruptions often produce denser, less 248 vesicular tephra particles than less mafic eruptions; these may be more likely to sediment out from the 249 atmosphere before reaching the continent. Further searches for basaltic tephras in lake sediments, 250
where conditions for preservation seem to be more favourable, may help to clarify the true frequency 251 of basaltic ash fall events in north-west Europe. 252
Recommendations for future work 253
The data synthesized by Swindles et al. the strong coherence of many of the mapped distributions presented here suggests that genuine 292 differences in distribution of these tephras do emerge from the data. Future workers should consider 293 presenting data on tephra shard concentrations (or tephrostratigraphy) across the whole profile, rather 294 than just reporting individual tephra layers. This would give a clearer indication of where tephras are 295 genuinely absent and begin to provide information on the variation in the abundance of tephras, rather 296 than simple presence/absence. Researchers should also indicate where they have looked for tephra 297 shards in sequences and found none. Finally, colour, particle morphology, particle sizes, vesicularity 298 and any other characteristics of individual shards, if recorded routinely, could assist identification, 299 correlation and understanding of ash-fall dynamics. 300
Conclusions 301
1. The new maps presented here indicate which tephra isochrons typically occur in a given 302 region, which will help to guide future tephrochronological investigations. For example, 303 certain tephras, such as Hekla 4, are likely to be found even in very distal locations. 304 2. The new maps indicate substantial spatial gaps in the available information, especially in 305 northern Scandinavia and the western Baltic and in southern Britain. 306 3. We find strong differences in the spatial distribution of many tephras on large (≥ 500 km) 307 scales. Some, but not all tephras are significantly spatially clustered, which likely reflects 308 atmospheric and weather patterns at the time of the eruptions. 309 4. Although we expected on the basis of previous modelling studies to find cryptotephras most 310 frequently in Scandinavian lakes and peatlands, comparable sites in Ireland and northern 311
Britain typically contain at least as many tephras. More work is needed to explain this 312 discrepancy, as it has implications for our understanding of past and, by extension, future 313
Icelandic ash distribution patterns and their potential impact on the aviation industry, public 314 health and the economy. 315 5. Rhyolitic and other felsic tephras occur throughout the study region, but more mafic 316 (andesitic and basaltic) tephras are largely restricted to the Faroe Islands and Ireland. Basaltic 317 tephras have thus far been reported only from lake sediments, suggesting that their under-318 representation in peat sequences may be at least partly due to differential preservation rather 319 than simply more limited dispersal. 320 6. The under-representation of basaltic tephras strongly suggests that the record of past tephra 321 falls preserved in European lakes and mires is by no means a complete record of past ash fall 322 events. Estimates of past ash fall frequency based on these records are therefore likely to be 323
underestimates. This has implications for volcanic hazard analysis based on these and similar 324 records. 325 7. We emphasize the usefulness for future research of adopting standardized approaches to 326 searching for and analysing tephra; of reporting tephra concentrations and genuine absences; 327 and of using existing community tools such as Tephrabase (Newton et al., 2007) to make 328 geochemical data available and assist the correlation of tephras. 329 
